Flagellar movement and mating behavior of the biflagellate gametes of the marine green alga, Ulva arasakii was studied using high-speed video microscopy to clarify the rapid fertilization process of marine green algae. Discharged male and female gametes always swing their flagella backward during forward swimming. The beat pattern is flagellar beat with undulatory waves produced at the flagellar base being propagated toward the tip. One beat cycle takes 15 ms in both male and female gametes. When the male gamete encountered the female gamete, initial contact between the two gametes took place at one flagellar tip and at the anterior end of the cell body. Although attachment and detachment of flagellar tips occurred during the fertilization process, the male gamete kept in contact with the female gamete. Then male and female gametes adhered respectively at the anterior side of the cell body and at the flagellar tips. Nevertheless, they continued to move their flagella with a flagellar beat and oscillated their cell bodies. Finally, the gamete pair lay side by side with their longitudinal axes nearly parallel to one another within 30-100 ms after initial contact of the two gametes.
Fertilization process of marine green alga, Ulva, which inhabit the littoral zones, closely resembles that of fresh water green flagellate Chlamydomonas (Bråten 1971) . In both algae, male and female gamete has two flagella and the initial contact between mating gametes involves the flagellar tips of both mating types, which leads to the sexual agglutination and finally cell fusion. However, in contrast to Chlamydomonas, the gamete of Ulva lacks a cell wall and the copulation is of very short duration. In U. mutabilis, within 10-20 s after initial mixing of the male and the female gametes cell fusion is initiated in most cells and completed within 5 min. (Bråten 1971) . The rapid cell fusion has also been reported in U. lactuca (Melkonian 1980) , Bryopsis flanaganii (Harper and Pienaar 1985) and B. maxima (Hori 1988) .
Because of this characteristic nature of fertilization in these marine algae, the previous investigations have not elucidated how living gametes use their flagella to find the flagellar tips of the mating partners and make contact to cell fusion. One solution to this problem is the use of high-speed video microscopy. Inouye and Hori (1991) successfully recorded the flagellar beat pattern of the reproductive cells of U. pertusa, B. maxima and Caulerpa racemosa var. clavifera f. microphysa using high-speed video microscopy and found that they move by forward swimming using "flagellar beat", which is the flagellar movement forming undulatory waves that passes from base to tip of flagellum. This type of flagellar movement is different from the typical "ciliary beat" of Chlamydomonas, which is the flagellar movement consisting of two different beat phases (effective and re-covery strokes) (Goldstein 1992) .
Therefore, the present study uses high-speed video microscopy to record flagellar movement and the mating behavior of gametes of U. arasakii at 200 frames per second to clarify the rapid fertilization process of marine green algae.
Materials and methods
Fertile thalli of U. arasakii was collected early in the morning of the day of full and new moon at Oarai (36°19Ј20ЉN: 140°35Ј90ЉE), Ibaraki Prefecture, Japan, in May 1998 and 1999, and immediately brought back to the laboratory. During transportation, thalli were allowed to desiccate at 10-20°C in the dark condition. After arrival at the laboratory, male and female thalli were reimmersed in filtered seawater and illuminated under fluorescent lamps to stimulate the release of gametes.
For high-speed video-microscopy for flagellar movement analysis, 40-60 ml gamete suspensions were placed in 26 mm long, 20 mm wide, and 0.05 mm deep observation chamber to insure free swimming mobility. Swimming behavior, flagellar movement and mating behavior were videotaped using NAC Microscopic High Speed Video MHS-200 system, which uses stroboscopic light to achieve 200 frames per second, attached to a microscope (Optiphot; Nikon Corp.). Videotapes were viewed at slow speed for flagellar movement analysis using a videocassette recorder (SVO-5800; Sony Corp.). Figures of flagellar movements were made by selecting representative sequences and photographing still frames using a video printer (UP-2800; Sony Corp.).
Results and discussion
Discharged gametes of U. arasakii are pear-shaped and slightly anisogamous (Figs. 1, 5). Because female gametes are larger than the male's, they are easily distinguished under a light microscope (Chihara 1969 , Miyamura et al. 2003 . The anterior end of the gamete displays a papilla, from whose opposite side two isokont flagella arise.
Male and female gametes swim very rapidly and freely. They accumulate immediately to the light source under strong illumination of the strobe light of the high-speed video system. Figures  1-4 and Figs. 5-8 show sequential movie frames of a single beat cycle of the male and the female gamete swimming forward, respectively. During forward swimming, male and female gametes always swing their flagella backward. The beat pattern is a flagellar beat, as described previously in U. pertusa (Inouye and Hori 1991) . One beat cycle requires 15 ms in both male and female gametes. While the male and female gametes swim forward, a phase difference arises between two opposite flagella. For that reason, the longitudinal axis of the cell bodies oscillates periodically. This oscillation is remarkable in the male gametes ( Figs. 1-4) .
When suspension of male gametes was mixed with female gametes, both gametes accumulated immediately to the light source under the microscope. It was very difficult to observe the moment of the encounter with the other sex gametes because both male and female gametes always swim rapidly. Figures 9-16 show a chance observation. When the male gamete encountered the female gamete, initial cytoplasmic contact between the two gametes took place, respectively, at one flagellar tip and at the anterior end of the flagellar base (Fig. 10) . These two events occurred almost simultaneously, very rapidly, and subsequently proceeded within 5-15 ms. Figure 11 shows that the male gamete contacts with the female gamete at their anterior end of the cell bodies, but the attachment at the flagellar tips seems to be detached. The distal part of the male flagellum came in contact with that of female gamete again after 20 ms (Fig. 13) . Subsequently, the male gamete maintained contact with the female gamete at the anterior side of the cell bodies and the flagellar tips . Adhesion of the flagellar tips was so strong that the flagella did not separate from each other during flagellar movement. Finally, the gamete pair lay side-by-side with their longitudinal axes nearly parallel to one another (Fig. 16 ). During this process, male and female gametes adhered despite their continued flagellar movement and cell body oscillation. Their beat pattern was also a flagellar beat with undulatory waves produced at the flagellar base being propagated toward the tip, which takes 15-20 ms. However, the waveform of the mating gametes differed slightly from that of free-swimming gametes. No backward swimming was observed during fertilization. Although the author did not observe cell fusion in this mating pair, it is likely that the cell fusion may occur similarly to that shown in Figs. 9-16 . This inference is supported by the fact that many mating pairs and planozygotes with the same configuration as that shown in Fig. 16 were observed in the clumps of male and female gametes (Figs. 17-20) . In a clump, male and female gametes are agglutinated with their flagellar tips; a few mating pairs are always observed in each clump. These clump characteristics closely resemble those of Chlamydomonas (Fig. 2 in Brown et al. 1968) . Mating pairs in the clump continued to move their flagella with a flagellar beat pattern. High-speed video microscopy of the fertilization process of U. arasakii confirms the previous observations: the initial contact between mating gametes involves the flagellar tips of both mating types, engendering sexual agglutination and ultimately, cell fusion. A previous study (Bråten, 1971) emphasized the marked similarity of these processes to those of Chlamydomonas moewusii (Brown et al. 1968 ) and C. reinhardtii (Friedmann et al. 1968 ). The only differences from Chlamydomonas are that the gamete lacks a cell wall and that copulation occurs rapidly. Gamete pairs may form instantaneously in C. moewusii when sexually activated compatible populations are mixed, whereas the establishment of cytoplasmic contact through elongation of fertilization tubules requires a few min- utes (Brown et al. 1968 ). This characteristic contrasts sharply with Ulva, wherein cytoplasmic adhesion between compatible gametes occurs nearly simultaneously with agglutination of the flagella . This contrast could explain the extremely short duration of copulation in Ulva gametes. In U. arasakii, adhesion and fusion site of the gamete is always restricted to the cell anterior under the basal portion of the papilla (Miyamura et al. 2003) , where the mating structure is reported to be present in the phylogenetically related species, U. lactuca (Melkonian 1980) . In this alga, cell fusion is exclusively initiated in the region of the two mating structures after agglutination of the flagella (Melkonian 1980) . If cell fusion in U. arasakii also occurs in the region of mating structures, results of the present observations suggest that the signal for activation of the mating structure will be transmitted extremely rapidly from the flagellar tip to the plasma membrane of the cell body. That transmission probably requires 30-100 ms in U. arasakii. Løvlie and Bryhni (1976) showed that gamete fusion of Ulva mutabilis is completed within 3-4 min after mixing both sexes. If fusion does not occur during a definite period, the gametes separate and permanently lose the ability to fuse. In addition to these physiological characteristics of the gametes, environmental conditions affect the mating behavior of Ulva. The gametophyte of this alga releases the gametes into the tide pool during low tides of the spring tide in littoral zones (Smith 1947, Miyamura unpublished observations) . The gametes use positive phototaxis to encounter mating partners. In such a condition, the gametes must find the mating partners during a very limited period because the environment surrounding the gametes changes incessantly through effects of waves, winds, tides, rain and sunlight. For that reason, it is likely that rapid formation of mating pairs as visualized in this study is necessary for the successful production of the zygote in littoral zones.
